Informatics analysis on inorganic compounds, surface imaging and depth profiling were carried out for PM 2.5 using time-of-flight secondary ion mass spectrometry (TOF-SIMS) during different haze periods (autumn and winter). Both positive ions, such as NH Along with the increase of the depth, the signal intensity became weaker and weaker for most of the inorganic ions, however, it could be stronger for a few of them due to the variation of chemical behaviors. Moreover, the source analysis was performed, and the results indicated that PM 2.5 was mainly derived from biomass combustion and fossil combustion in this area. This paper is useful to provide a tool to study the PM 2.5 around the world.
INTRODUCTION
With the rapid development of materials science and technology, more and more materials are widely used in all walks of human's life, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] but the problem of environmental pollution is becoming more and more serious, and it will become an important factor restricting human development. Environmental issues, such as over-harvesting, fuel leaks, water pollution, and dust will have a serious impact on human living environment and industrial production. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] To find a balance between the development and environmental protection is the focus of people's attention. Among the many environmental problems, haze is no longer a new topic, but it is still the focus of public attention because PM 2 5 in haze can cause respiratory diseases, Cardio-Cerebral-Vascular diseases, and other diseases easily, [23] [24] [25] [26] [27] [28] [29] and undoubtedly influence both growing development and physique of children and adolescents. 29 To study this in more focused way, we focus on the north part of China where the energy was supplied by consuming coal and other fossil-based fuels. For example, Qiqihar is located in Songnen plain, one of three major black soil regions of the world, and is the important base for green food production in China. Therefore, it is of great significance to carry out monitoring and researching PM 2 5 in order to control the air pollution and protect the environment effectively in Qiqihar area.
However, it is a challenging task because there are many air pollution sources, and each of them consists of complex organic and inorganic compounds. It is necessary to analyze the chemical components of PM 2 5 in haze because the chemical compositions and interactions among these compositions certainly play a dominant role in determining the aerosol behavior and characteristics. [30] [31] [32] 
ARTICLE
There are many ways to characterize the organic and inorganic compounds, such as X-ray photoelectron spectroscopy (XPS), scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), X-ray powder diffraction (XRD), and time-of-flight secondary ion mass spectrometry (TOF-SIMS), [33] [34] [35] [36] [37] [38] in which TOF-SIMS is one of the important research tools, [39] [40] [41] [42] [43] because more convincing results can be obtained than other analytical techniques in the identification of compounds. Currently, TOF-SIMS has been applied to many fields including surface characteristics of aerosol particles, the depth distribution characteristics of chemical composition, surface chemical reactions, chemical toxicity, and emission characteristics of pollution sources. Different work patterns of TOF-SIMS can be applied to different aspects of aerosol analysis. 44 Static TOF-SIMS is mainly used for surface analysis and surface imaging of PM 2 5 . Dynamic TOF-SIMS is mainly applied for depth profiling and threedimensional imaging of PM 2 5 . In addition, it is easy to use TOF-SIMS to obtain information regarding PM 2 5 , including various inorganic and organic compounds.
In this study, the inorganic compositions and distributions for PM 2 5 were characterized by TOF-SIMS, the depth profiling was performed for the core of the particles, the chemical behaviors were analyzed, and the sources of the particles were addressed. Our results provide a basis for government decision making on environmental improvement.
EXPERIMENTAL DETAILS

Study Area and Sampling
The study area was Qiqihar shown in Figure 1 Before sampling, the quartz filter wrapped by tin foil had been oven-baked at 400 ± 10 C for 5 h in a muffle furnace to eliminate the influence of the membrane component on the analysis. The membranes were maintained in a chamber with temperature (25 ± 2 C) and a relative humidity (40 ±5%) for 48 h before and after sampling. All filters were weighed with an analytical balance (Sartorius, Germany) at least three times before and after sampling, following the 48 h equilibration period. The samples after sampling were put in a clean packaging bag and protected from light in a refrigerator (−4 C) until composition analysis. 
Calculation for PM 2.5 Concentration
All filters were weighed with an analytical balance (Sartorius, Germany) at least three times before and after sampling, following an equilibration for 48 h. The formula for mass concentration is shown as Eq. (1):
where C stands for PM 2 5 mass concentration ( g/m 3 ; W 0 and W 1 represent the weight before and after sampling, respectively (g); V n represents the gas volume collected in a standard condition (m 3 .
Analytical Method
Two haze days, November 4 (haze day 1, H1 sample) and December 24 (haze day 2, H2 sample) 2017 were selected for ions analysis, respectively. The sample from each day was analyzed for positive and negative ions by ToF-SIMS V (ION-ToF GmbH, Germany). The two working models of TOF-SIMS, i.e., static and dynamic, were applied to the samples. The static model was mainly for surface analysis (including surface mass spectrometry and image): 30 keV Bi + as primary ion beam, analysis area: 100 * 100 um, 100 scans. 45 Dynamic model was mainly for depth profiling: 30 keV Bi + as primary ion beam, 10 keV Ar cluster as sputter beam, analysis area: 100 * 100 um, sputter area: 500 * 500 um, 300 scans for negative ions, 1000 scans for positive ions.
RESULTS AND DISCUSSION
3.1. Mass Concentration of PM 2.5 Figure 2 shows the variation of PM 2 of 67.08 g/m 3 in December. In November and December the PM 2 5 concentrations were higher than the one in other months, 46 which may be related to various weather conditions and heating combustions. 47 
Secondary Image
For further comparing the ions distribution in the samples between November and December, the sample days, November 4th (H1 sample) and December 24th (H2 sample), were selected for each month, due to they had a similar mass concentration (Fig. 1) . The analysis results for ions distribution are shown in Figure 3 . Although the two samples have a similar mass concentration, the ions distribution are very different. As showed, the brighter the image is, the stronger the response of secondary ions is. It is clear that the total positive ion response on H1 sample is stronger than that on H2 sample (Fig. 3(a) ). The intensities of Na + and K + for the positive ions of H1 sample are significantly higher than those for H2 sample. The reason may be that the biomass combustion is enormously high in November; for instance, both crop straw and leaves burning makes K + increase significantly. However, the intensities of Ca + and Cu + in the positive ions of H2 sample are significantly higher than those in H1 sample. It may be related to the coal burning continuously in December. As shown in Figure 3 (b), the intensity of each anion in H2 sample is also stronger than that in H1 sample, thus the brightness of the total anion for H2 sample is significantly stronger than the one for H1 sample, proving that the winter combustion source has a great influence on the air pollution in Qiqihar.
Mass Spectrometry Analysis on Surface
Metal Ion Both H1 and H2 samples were also analyzed for surface metal ions. The results were shown in Figures 4-6 . It shows that K + was the strongest one, and the response value was 3 5 × 10 4 , which is generally considered as an indicator of biomass combustion in inland cities, + detected here are represented as mineral dusts, which mainly come from the source of crust. 50 51 The elements such as Cr + , Fe + , Cu + are mainly released from anthropogenic sources that include waste incineration, transport and industrial emission sources. 52 Other elements, such as As + , Cs + , and Ba + , may come from the combination of natural and man-made pollution. 53 On the basis of these results, the pollution of PM 2 5 metal ions in Qiqihar originates from several sources, such as soil source, building source, coal source, traffic source and industrial emission. However, PM 2 5 was mainly derived from biomass combustion and fossil combustion in autumn and winter.
Depth Profiling
Depth profiling is a tool and can be used to analyze the variation of composition along with depth (sputter time). Although H1 and H2 samples have different response intensities for different ion species during the analysis of depth profiling, the trends for variation are the same. Therefore, only the H1 sample is selected for exhibition. 
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The results are shown in Figure 7 . In Figure 7 , the ordinate is the intensity, and the abscissa is sputter time. The longer the sputter time is, the greater the depth will be. As shown in Figure 7 , the depth profiling for various inorganic ions is presented, where a and b are the analyses for negative ions, and c is the analysis for positive ions, d is for an ionic species of some inorganic salts and metal oxides. Along with the increase of sputtering time, the signal strength of negative ions (NO becomes weaker and weaker, and a constant value is reached when the sputtering time is over 50 s (Fig. 7(a) ). The characteristics of secondary ions indicate that their active forms are mainly attached to the surface of PM 2 5 . These surface secondary ions may react with other particles or chemicals, generating the harmness to human health. For instance, sulfur dioxide (SO 2 from exhaust gas of car can be oxidized in gaseous phase to form sulfur trioxide (SO 3 , and then reacted with H 2 O to form H 2 SO 4 . Afterwards, H 2 SO 4 is condensed to the surface of particles to form sulfates. [54] [55] [56] The studies have shown that prolonged exposure to sulfur compounds can lead to respiratory and myocardial diseases. [57] [58] [59] [60] [61] [62] [63] On the other hand, the intensities of H − and CN − decreased along with the increase of sputtering time, and the intensities of O − and Cl − become stronger along with the increase of the depth (Fig. 7(b) ). The mechanism for the phenomenon is not clear, but Laskin's research may provide some clues for an explanation. Laskin showed that NaCl particles could be wrapped by deliquescence products on the surface of the original particles. Once the surface reaction occurs, the Cl − located on the surface would be exhausted, [64] [65] [66] [67] [68] [69] but the Cl − located inside the particles would not. This explains why the intensity of Cl − will increase with increasing the depth. The intensities of K + , Na + and NH 4 + decreased along with the increase of sputtering time, the intensity of Na + reached a constant value after about 100 s sputtering (Fig. 8) . Additionally, the intensities of ions, H + , Al + , Si + and Ca + , increased along with the increase of the depth. However, the increase for H + and Al + is weaker, but the increase for Si + is stronger (Fig. 8) . Interestingly, ion Ca showed an increase first, and then decrease gradually. Fe + and Cu + did not show any response for first 100-second sputtering, after that, it began to show a response, meaning that the surface of the particles may be covered by other particles or they had reacted with other compositions to produce some other substances. The existence of inorganic salts and metal oxides on the surface of particles is showed in Figure 9 . With the increase of sputtering time, the signal strength for these chemicals decreases, and then tends to be stable for short time. It means that the formation for these chemicals occurs on the surface of the particles. The results indicate that most of the inorganic particles are concentrated to the surface of the particles, and a few of them are buried inside of the particles.
CONCLUSION
Inorganic substances in PM 2 5 were characterized by TOF-SIMS in Qiqihar haze days, and the surface chemical composition information was obtained by secondary ion imaging and mass spectrometry, the changing trend on inorganic ions with depth is analyzed. The air pollution source in Qiqihar was addressed by tracing technique. The city of Qiqihar was seriously polluted in autumn and winter, and the pollution was mainly derived from biomass combustion and fossil combustion. Moreover, the biomass burning in autumn (November) is much more than that in winter (December), which means that biomass burning is more in November, but fossil combustion is more in December.
